Introduction

The Methodology For Measuring The Impact Of Telecommunications Investment On National And Sectoral Productivity
There is considerable evidence that improvements in performance associated with technological progress could result not only from within industry progress but also from external industry progress which is embodied in intermediate goods purchased by sectors (e.g. Schmookler 1966 , Scherer 1982 .
Given the need to study linkages between the telecommunications sector and other economic sectors, it was decided that use should be made of interindustry data series or inter-industry social accounting matrices. The disaggregation of the production account within the social accounting matrix is To compute an estimate of the economic impact of telecommunications investment, a measure of actual productivity is formulated (see sub-section 3.1)
and then compared with a measure of hypothetical productivity where telecommunications technology has been constrained to a period 0 level (see sub-section 3.2). This hypothetical productivity measure, which is described in more detail below, starts off with the use of a price model derived from the primal input-output model. This is used to compute the intermediate good price effect of constraining telecommunications technology to a period 0 level.
Using a model such as this, in which all coefficients are constant, to calculate a hypothetical productivity measure, is valid, however, only if all price changes are accepted without substitution. In practice, we know that producers react to changes in relative prices by substituting some inputs for others. Price
This is important for the analysis as it allows us to separate the movements along
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Within the framework of inter-industry economics, the Peterson Index of Direct and Indirect Productivity Gains ) log ( v d and ) log ( V d was chosen as the measure of productivity to be used in the analysis (Peterson, 1979) . Using standard input-output techniques , this index measures for a given time period the movement in direct and indirect inputs required by each industry so that the economy can produce its actual level and mix of GDP in the last year of the time period. Direct inputs are those purchases that an industry makes in order to produce its goods and services. Indirect inputs, in contrast, are those purchases that are required by an industry's suppliers, suppliers' suppliers, and so on, in order that they can satisfy the production needs of an industry/supplier.
ACTUAL ECONOMY PRODUCTIVITY GAINS
In this sub-section, a formal algebraic statement of the theoretical basis for the estimates reported in this paper is provided. The first part outlines the theory underpinning the derivation of the conventional economy and within-industry productivity growth measures from input-output databases. The second part then proceeds to set out the relationship between the economy and conventional within-industry productivity growth rates and gains in the efficiency with which commodities are delivered to final demand i.e. the Peterson Index of Direct and Indirect Productivity Gains. Both these parts are derived, however, under the assumption that time can be treated as a continuous variable whereas in reality, data is available only for discrete time periods. Given this, the third part thus identifies the discrete time equivalent used to estimate rates of economy and within-industry productivity growth.
the production function from the shifts in the production function.
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CONVENTIONAL MEASURES OF PRODUCTIVITY GROWTH IN AN INPUT-OUTPUT SYSTEM
The standard Leontief input-output system for a closed economy can be expressed by a three equation system. Gross outputs depend on intermediate inputs ( Primary input requirements depend on gross outputs:
and prices depend on intermediate and primary input payments:
where X = n-vector of gross outputs; Y = n-vector of final demands, Z = m-vector of primary inputs; A = [aij] = (n x n) matrix of inter-industry technical coefficients; B = [bjk] = (m x n) matrix of primary technical coefficients; p = n-vector of output prices; w = m-vector of primary input prices.
Total factor productivity is defined as the change in final output per unit of combined labour, capital and material inputs. Growth in total factor productivity implies that a given level of output can be produced with a smaller quantity of inputs or that a given amount of inputs can produce a greater quantity of output.
Within the input-output framework, the Hicksian rate of growth of total factor productivity for the economy can be measured as a weighted net reduction in input-output coefficients where prices are given constants (see Peterson, 1979) :
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This is equivalent to the conventional growth accounting definition of total factor productivity as a ratio of Divisia indices (see Jorgenson and Grilliches, 1967) and is a continuous time analogue of Leontief's index of structural change (See below).
Likewise, the conventional Hicksian measure of productivity growth for the k th industry can be written in terms of changes in input-output coefficients, at given prices, as:
where k t d log is the efficiency gain for the k th industry. Technical change in an input-output framework manifests itself through changes in the technical coefficients over time. Unambiguous technical progress thus requires daik, dbjk ≤ 0 for all i; strict Hicksian neutral technical change requires daik, dbjk = c for all i; and a necessary condition for technical progress is daik, dbjk < 0 for some i. In reality, however, simultaneous input substitution means that daik, dbjk > 0 for some i, and therefore a sufficient condition for technical progress is that a weighted average of the changes in the technical coefficients is negative.
In conducting a multi-sectoral analysis, a potentially desirable feature is that a suitable weighted sum of the industry total factor productivity estimates equates with the economy-wide estimate. Aggregation of industry level estimates in (5) so as to achieve consistency with the overall estimate in (4) requires the weighting of the industry estimates by the ratio of industry gross output to total final demand. Specifically:
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Noticeably the weights in (6) sum to a total greater than one. The explanation of this (Domar 1961 ) is that within-industry productivity growth facilitates an increase in the efficiency with which products are delivered to both final demand and intermediate demand.
Thus it is possible to define the contribution of each industry to overall productivity growth as:
and using (7), overall productivity growth can then be defined as the final demand share weighted sum of the industry contributions:
THE PETERSON INDEX OF DIRECT AND INDIRECT PRODUCTIVITY GAINS AND ITS RELATIONSHIP WITH THE ECONOMY AND CONVENTIONAL WITHIN-INDUSTRY PRODUCTIVITY GROWTH RATES
As Peterson (1979) has shown the conventional within-industry measures as outlined above, do not distinguish between productivity growth as it affects deliveries to final demand and productivity growth as it affects deliveries to intermediate demand 2 . Peterson (1979) therefore established an alternative measure of productivity growth by redefining the underlying technology of the 2. The importance of the insights this can provide should not be underestimated.
The literature on productivity growth has highlighted the importance of distinguishing between productivity growth originating within an industry and the impact of productivity upon an industry (e.g. Hulten 1978) . The within sector element seeks to identify and quantify the change in the quantities of inputs required by an industry to produce a unit of output while the upon a sector element seeks to identify and quantify the effects of efficiency changes in the various intermediate input industries. In terms of a cost dual, the objective is therefore to distinguish between the unit cost reducing contributions of a technological change that reduces the physical quantities of inputs required (and thereby the cost reductions at constant prices) and the effects of input price reductions arising from changing efficiency in the intermediate input industries. 
Equation (9) is obtained by substituting for
and M is a (m x n) matrix defined as
. The elements jk m of the matrix M refer to the average quantity of primary input j employed directly and indirectly in the production of a unit of output from sector k.
Starting from the social accounting identity and employing the growth accounting methodology, Peterson (1979) 
Thus, a necessary, but not sufficient condition for a change in total factor 3. We can show that (11) is equivalent to (4) by using M=B[I-A] An aggregation of industry level estimates in (12) so as to achieve consistency with the overall estimate in (11) and (4) then requires the weighting of the industry estimates by the ratio of industry final demand to total final demand.
Specifically:
We note that [ ]
where a carat indicates a vector transformed into a square matrix, the elements of the vector being placed on the principal diagonal, v is a vector of elements 4 It should be noted that this expression is different from that given by Peterson (1979) . In his paper, the expression provided for the relationship between the conventional within-industry productivity growth rate and the VIS productivity growth rate was:
. Operationally, the difference in the two expressions is unimportant because when evaluated at or close to base prices p 1 − p essentially becomes equivalent to an identity matrix.
Ignoring p and
1 − p for simplicity purposes, equation (14) can also be written as dlogv = dlogt + ?aik.dlogv -aik is the i, k element of the inter-industry matrix. The interpretation of this expression is that the efficiency with which the k th Vertically Integrated Sector delivers products to final demand is the sum of the weighted reduction in inputs per unit of output arising from productivity growth generated within the k As outlined above, technical change in an input-output framework manifests itself through changes in some or all of the technical coefficients over time, and this is the focus of attention in the Leontief index. Following Leontief (1953, pp27-28) , and the clarification provided by Domar (1961, p727) , the proportionate change in the coefficient for an input i to industry k in discrete time can be defined as: and weighting the industry estimates (17), as discussed above in (6), and as proved by Domar (1961) , by the ratio of industry gross output to total final demand gives the overall economy efficiency gain which is the discrete time equivalent of (4):
Using equations (17) and (18), within-industry and economy-wide productivity growth estimates can thus be derived and then from these estimates, the
Peterson index of actual direct and indirect productivity gains can be obtained using equations (13) and (14) above.
HYPOTHETICAL ECONOMY PRODUCTIVITY GAINS
Once actual direct and indirect productivity gains have been quantified, equations (13) and (14) for a hypothetical economy in which telecommunications technology has been constrained to a certain time period can then be calculated.
This latter computation involves three stages of analysis. These are described in more detail below.
Very briefly, using the notation given previously, the basic methodology for calculating efficiency gains for a hypothetical economy involves constructing hypothetical factor input matrices ).
(M In what follows, the term 'technology' refers to the production frontier whilst the term 'technique' refers to the inputoutput coefficients chosen by the VIS so as to optimise for given prices. Starting
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Equation (19) The subscripts identify time periods.
Similarly, actual prices:
are a function of the actual factor input matrix ).
Equation (21) then gives us our equilibrium hypothetical factor input matrix (a carat ( ^ ) refers to the hypothetical situation and the subscript ( e ) indicates that this is an equilibrium state):
in which
Tel
T is constrained to period 0 and allowance is made for consequential changes so as to reach an equilibrium in prices:
To arrive at this equilibrium solution, we first replace the actual period 1 telecommunications technique ( 
There is however now an inconsistency between prices and inputs because the telecommunications industry is making its decisions given ) ( 0 p whilst other industries are making their decisions given ).
Compromised prices will therefore arise such that:
Equation (24) 
and for the telecommunications sector: gives:
The adjustment in techniques in response to ) ( 0 1 p will however result in a new set of prices ( 1 p ):
Simultaneous input substitution will therefore result in all industries for given period 1 final outputs. To incorporate these effects, input mixes for all sectors will thus again need to be adjusted for the new prices ( 1 p ) i.e.
( )
Repeating this adjustment process until prices have stabilised and 0 ≈ ∆p eventually gives the equilibrium equations (21) and (22).
In light of the basic methodology outlined above, the first stage below, gives the methodology for calculating prices from the primal input-output model and specifically sets out the method for computing 
FIRST STAGE
Imposing the condition that the value of total sectoral purchases for interindustry inputs plus total payments for primary factors is equal to the value of sales of sectoral output gives equation (29). It should be noted that this is equivalent to previous equations (3) and (10), discussed above:
Equation (29) states that the price received per unit of output must equal the inter-industry purchases of inputs required for the production of a unit of output plus the primary factor payment per unit of sectoral output.
To conduct an analysis of technical change, the equations expressed in (30) are then used to obtain a vector of prices ( 1 p ) and ( 0 p ) for the actual economy for the periods under analysis 6
i.e. periods 1 and 0.
Taking the input-output 
The calculation of (31) 6. It should be noted that the prices implied by the input-output tables do not necessarily refer to the price indices used in the analysis. 
where pi, pj and pk are input prices, i, j and k represent the value shares of inputs (Xi, Xj, Xk) in the value of output and Y is output and is given by the expression:
. A convenient feature of this specification is that price elasticities of demand are equal to:
which are just the value shares of inputs in the value of outputs. These can thus be directly obtained from the input-output tables.
THIRD STAGE
These price elasticities of demand ) (ε can then be used in association with the price differentials derived in stage one, to estimate how each industry's input requirements would have changed had telecommunications technology been 7. It was hoped that the translog specification could be used because it does not impose any restrictions on the data. Input-output data on a long time-series basis is not however available because these tables were generally only computed to coincide with Census years. Estimation with this data would thus be difficult (i.e. lack of degrees of freedom) and any data extrapolation would lead to biased estimates.
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constrained to period 0 levels, whilst all other production processes and technologies had advanced at their actual historical rates.
Starting with the matrix 0 1
M expressed in (23) and (31) and using the equations from (25) and (26) economy level so that we can evaluate the hypothetical change in direct and indirect inputs that would be required at a sectoral and national level so that the actual economy period 1 final demands can be produced.
THE IMPACT OF TELECOMMUNICATIONS INVESTMENT ON NATIONAL/SECTORAL PRODUCTIVITY
The difference between the actual VIS productivity gains in the economy and the hypothetical VIS productivity gains should then provide us with an indication as to how direct telecommunications investment in infrastructure and acquired telecommunications infrastructure investment embodied in purchased products has impacted economy-wide and sectoral productivity levels.
The Data
Section 5 below investigates the productivity gains due to telecommunications infrastructure investment using the methodology outlined in the previous section. The analysis is performed in constant value terms and focuses on the years 1963, 1984, 1991 and 1996 . These years have been specifically chosen because they cover most of the important phases in U.K. telecommunications' history. They should hence allow us to directly compare the impact of different telecommunication regulatory policies on not only the telecommunications industry itself but also on other sectors 8 .
Data for inter-industry purchases, final sales, wages and capital investment were obtained for the 2-digit industry SIC codes and were collected from the CSO Input-Output tables. Cross-checks were made against telecommunications company accounts so as to ensure that the telecommunications input-output data pertained solely to telecommunications operators who own infrastructure or are infrastructure providers.
8. These years were also chosen as there were constraints on the availability of inputoutput data. Specifically, the input-output tables have generally only been computed to coincide with Census years.
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The time-span covered by the input-output analysis is extensive and the classification of industries and commodities has undergone significant change.
In the earlier matrices, 73 domestic industries and domestically produced commodities were distinguished. This classification has since, however, been expanded and there are now 124 industries and 123 domestically produced commodities. Given this, work was needed to reconcile the original data so that it could be brought together under the two-digit 1992-based industry and commodity classification used within this study The impact of these efficiency gains undoubtedly means that the telecommunications industry has been able to lower its prices relative to the prices of other goods and services. This statement is borne out by Figure 4 .1 which shows that the telecommunication industry's prices relative to the retail price index has fallen considerably since 1980.
Given this significant decrease in prices, it is therefore not surprising to discover that other sectors have responded to these reductions and have increased their consumption of telecommunications. Table 4 .2 illustrates the 11. It should be noted that the figures in Table 4 .1 are based on total inputs and are not weighted. As such the results presented will not be the same as the efficiency gains calculated in Section 5 and should thus be used only for descriptive purposes. Table 4 .1 indicates that the largest decrease in inputs required to produce a unit of output in telecommunications occurred during 1984 -1991) and a consequent downward impact on prices (see Haskel and Symanski, 1993) . It can be argued therefore that this sizeable increase in telecommunications usage and efficiency during this period might have ensued from this inefficiency shedding process. As inefficiencies have been eliminated, however, one would have expected the rates of change in usage and efficiency figures to have levelled out or even to decline. Surprisingly, however, the period 1991 -1996 shows that efficiency gains and usage growth were still substantial. One explanation for this could be because the period [1991] [1992] [1993] [1994] [1995] [1996] was characterised by the termination of the duopoly period and the start of infrastructure competition as a policy objective 14 . With the duopoly period ended and infrastructure competition encouraged, coupled with the increased diffusion of telecommunications from the liberalisation process during 1984-14. In 1984, British Telecommunications (BT) was privatised and Mercury Communications (MCL) was licensed for national and international services. To introduce competition into the market, the Government adopted a seven year Duopoly policy which meant that only BT and MCL operated in the market. The reason for this was to allow BT to get accustomed to its new privatised surroundings and to give MCL time to develop its network etc. so that it could become an effective competitor to BT. In 1990/91, however, the Government terminated the Duopoly policy and adopted a policy of licensing fixed networks without formal limit. The idea, therefore, was to encourage competing networks in the marketplace so that dynamic competition would prevail. 
The Economic Impact of Telecommunications
5.
The Impact Of Telecommunications Infrastructure Investment
This section investigates explicitly whether and by how much telecommunications infrastructure investment influences national and sectoral productivity. given existing investment structures and production methods in all sectors, using equations (15) and (16) 
17
. One can observe that over the 15. Note the increase in capital inputs during the period 1991 -1996 in Table 4 .1. This might be due to the policy of infrastructure competition which meant that networks were having to invest in infrastructure so as to provide more innovative value-added services to customers. The previous emphasis on being the lowest cost operator may thus have been replaced by network operator product and process differentiation and innovation.
16. It should be noted that because the productivity measures calculated in this study rely on input-output data, quality changes in labour and capital inputs cannot be differentiated amongst the various sectors as this data is unavailable. For this reason, these estimates may be subject to negative bias. (Note the apparent negative productivity estimates for wholesale and retail). complete sample period and sub-periods, telecommunications productivity has not only far outpaced the economy-wide productivity level but it has also outpaced other sectoral productivity rates. Table 5 .2 below indicates, the results presented in Table 5 .1 suggests that telecommunications has not only contributed its share of total output more efficiently, but it has additionally contributed to overall productivity growth via its influence on other industries. Modifying equation (16) 
where v is a vector of elements One can observe that telecommunications has been a strong indirect contributor to the overall economic system as has manufacturing and financial intermediation. Whether the economic system and all the sectors have been able to benefit from the productivity effects or cost savings experienced in telecommunications forms part of the discussion of Aulin-Ahmavaara (1999) . It can be shown that the conventional TFP measure is equivalent to the relative decrease in the production price of the output of sector j when all inputs are treated as exogenous constants. On the assumption that all the input prices in equation (3) are exogenous constants, differentiating it (with respect to time) and multiplying both sides by 1 − − p (a carat indicates a vector transformed into a square matrix, the elements of the vector being placed on the principal diagonal) gives t ′ where t ′ is a vector of elements k t d log . This result means therefore that for the total economy, had telecommunications experienced no technical change from 1991, prices would have been 16.4% higher than they historically were or alternatively, economy-wide productivity would have been 16.4% lower i.e. hypothetical TFP would be 1.7% versus actual TFP of 2% -see Table 5 .1.
20. This figure of 84% on telecommunications prices i.e. prices annually being 12%
higher than they were historically should not be unexpected. Similar results have been attained in studies of this type (see Cronin et. al, 1992) .
industry. Other sectors would however also be affected: the financial intermediation sector, the transport industry, construction and wholesale and retail trade. This is largely due to the fact that these sectors are telecommunications intensive as outlined in Table 4 .2.
One can therefore conclude that advances in telecommunications emanating from infrastructure investments have lowered telecommunications prices and have enabled other industries to benefit from these cost savings which has led to price reductions throughout the economy. The link between this and productivity growth, however, has not yet been fully answered. To do this, an understanding of how industries have changed their production processes over the 1991 -1996 period to take account of these cost benefits must be obtained.
Using equation (33), the Leontief averaging method (1953, pp28) was used for the 1991 and 1996 input-output tables, to estimate price elasticities of demand.
These estimates in association with the iterated price differentials, as described in Section 3, were then used to re-calculate the 1996 hypothetical input-output (3) will only equal actual prices on the assumption of a competitive equilibrium. In reality, the productivity gains are likely to be distributed differently because of the weighting procedure used in calculating TFP (see Leontief, 1953, pp27-28 Innis (1950 Innis ( , 1951 . Innis proposed a three-phase theory of the impact of a new communications technology on economic activity that is compatible with that put forward by David (1990) and Triplett (1999) . The first phase involves the market being dominated by a single technology to 23. The estimated relative impacts cited here are not unexpected and appear to be in the same broad band as other studies. In other unrelated studies investigating the productivity impact of R&D and diffusion-based R&D, estimates of these ranges have been obtained. In particular, Mohnen (1994) proposes an average estimate of the excess of the social rate over the private rate of approximately 50% -100% whilst Sakurai et al. (1997) Evidence of this effect is provided in a study by Haskel and Szymanski (1993) .
They found that increases in competition significantly increase productivity.
In the third and final phase of the cycle, the successful new medium attains a monopoly position and economic progress is then again stifled.
Reviewing the results obtained above in conjunction with the historical development of the telecommunications industry in the U.K. and the three-phase theory put forward by Innis, we know that the period prior to 1991 was . During this 24. As an example of this first phase and the start of the innovative phase, Innis (1950, pp. 140 -141) wrote that from the first century B.C., the Romans monopolised the use of papyrus through their control of its production sites in Egypt. They used this mastery to build up a centralised bureaucratic administration that dominated the Mediterranean basin. However, in the early centuries A.D., improvements in the technique for producing parchment, which could be made from animal skins virtually anywhere, broke this monopoly.
25. Again as an example, Innis (1950, pp. 48 -49) argued that with the fall of Egypt to Islam, papyrus supplies to Europe were cut off. Accordingly, the use of parchment spread to the northern parts of the continent.
26. Innis (1951, pp 53, 64) noted the beneficial effects of coexistence of papyrus and parchment under the Byzantine Empire and the later impact of competition between parchment and paper on trade and urban growth in western Europe.
27. As discussed in Section 4, there were substantial gains made during the period 1984 -1991. These were however probably more due to the inefficiency shedding process that occurred at this time rather than strong competition. These gains could therefore be viewed as a one-off efficiency step-change or outlier in the dataset.
The Economic Impact of Telecommunications Diffusion on U.K. Productivity 34 period, BT still remained dominant but now via increased infrastructure competition, many firms and technologies (even though they may have been focused on low-value applications) co-existed so that there was now increased competitive pressures on players and high welfare gains to be made in all sectors due to significant price and substitution effects.
These high welfare gains during the 'phase of balance' appear to be borne out by the tables above, by the fact that the aggregate and sectoral economy has benefited the most from telecommunications advances during the period 1991 to 1996. Given that this period marked the start of open competition in most segments of telecommunications and the policy of encouraging infrastructure competition in the market, this result might have significant implications for the future development of U.K. telecommunications policy.
Conclusions
The research presented in this paper has attempted to establish a link between telecommunications infrastructure investment and economic growth and to assess the specific impacts on the productivity of the economy and 12 industrial sectors. Using improved techniques comprising input-output economics and economic modelling, the results suggest that telecommunications productivity, over a 34 year period, has outpaced the economy-wide productivity level.
Furthermore, we found that telecommunications was a strong contributor to the performance of the economic system as a whole. This coupled with the telecommunications productivity rate figures suggests that not only has telecommunications contributed its share of total output more efficiently, but it has also contributed to overall economy-wide productivity growth via its influence on other industries.
Additionally, evidence of the interdependence of telecommunications and other sectors is provided in the research. Indeed the analysis conducted in this paper
shows that all industries have benefited from the incorporation of advances in This paper thus shows that UK government policies on telecommunications and its investment incentives may have wide-reaching consequences for not only the telecommunications industry but also the economy as a whole.
